We report a mode-locked Ti:sapphire femtosecond laser emitting 42 fs pulses at a 10 GHz repetition rate. When operated with a spectrally integrated average power greater than 1 W, the associated femtosecond laser frequency comb contains ϳ500 modes, each with power exceeding 1 mW. Spectral broadening in nonlinear microstructured fiber yields comb elements with individual powers greater than 1 nW over ϳ250 nm of spectral bandwidth. The modes of the emitted comb are resolved and imaged with a simple grating spectrometer and digital camera. Combined with absorption spectroscopy of rubidium vapor, this approach permits identification of the mode index and measurement of the carrier envelope offset frequency of the comb.
Many scientific and technological applications of femtosecond lasers benefit from sources with repetition rates of several gigahertz that have become available in the recent past [1] [2] [3] [4] [5] . Novel real-time ultrafast optical sampling techniques benefit from sub-100 fs pulses at repetition rates of several gigahertz because they permit a better time resolution [6] . In the frequency domain, the high power per mode in a multigigahertz femtosecond laser frequency comb (FLFC) is a benefit to direct frequency comb spectroscopy [7] , length metrology [8] , and applications such as the development of optical clocks [9] and low-noise microwave generation [10, 11] . Emerging applications such as the frequency comb calibration of highresolution astronomical spectrographs [12] [13] [14] and the synthesis of optical and microwave waveforms via line-by-line pulse shaping [15] both require large optical bandwidths and a frequency comb with a repetition rate sufficiently high that the modes are easily resolved with a spectrometer.
There are numerous semiconductor, fiber-based, and solid-state mode-locked sources that operate at a repetition rate of 10 GHz (or higher), but these all produce low-power pulses having durations in the 1 -10 ps range [16] [17] [18] [19] . Sub-100 femtosecond durations at 10 GHz have been achieved at 1550 nm but only with extracavity soliton compression techniques in dispersion-decreasing fiber [3] . Moreover, many high-repetition-rate lasers rely on active harmonic mode locking, which can suffer from frequency and timing jitter noise intrinsic to microwave sources or the supermodes. These problems are largely avoided in fundamentally mode-locked systems that passively employ the Kerr nonlinearity.
In this Letter, we demonstrate a 10 GHz passively mode-locked Ti:sapphire laser that directly outputs a unique combination of large fractional bandwidth, high repetition rate, and high average power. The resulting pulses are as short as 42 fs and still higher repetition rates appear possible. The high repetition rate allows the individual modes of the emitted FLFC to be resolved with a simple grating spectrometer. This would enable the frequency comb to be interfaced with existing spatial light modulators for lineby-line pulse shaping. Additionally, high-resolution spectroscopy techniques directly utilizing the frequency comb should benefit from the high repetition rates and the enhancement of available power per mode [7] . Along these lines, we use direct comb spectroscopy of rubidium vapor at 780 nm to effectively measure the carrier-envelope offset frequency, when the repetition rate is locked to a microwave reference. Finally, we show that even with relatively low-energy pulses ͑ϳ60 pJ͒, the femtosecond duration provides peak powers sufficient for modest spectral broadening in nonlinear microstructured fiber. When referenced to stable optical and/or microwave frequency standards, the broadened comb would be valuable for numerous applications, including recent efforts aimed at calibrating high-resolution astronomical spectrographs [12] [13] [14] .
The ring cavity design follows that of earlier work [see Fig. 1 (a)] [5] ; however, specially designed mechanics and optics were required to achieve the high repetition rate and corresponding small size. A Ti:sapphire crystal 1.5 mm long is pumped through mirror M1 with a lens of 30 mm focal length by 6.5 W from a 532 nm laser. Both adjacent focusing mirrors M1 and M2 have a radius of curvature of 8 mm. Mirror M3 and the output coupler OC complete the X-folded ring cavity. The total cavity length is 3 cm, yielding a repetition rate of 10 GHz. Mirrors M1-M3 have a highly reflective negative dispersive coating with approximately −40 fs 2 group-delay dispersion (GDD) between 750 and 850 nm. Together with the laser crystal the net cavity GDD is approximately −35 fs 2 . Output couplers with 1% and 2% transmission are used. Mirror M2 is brought close to the inner edge of the cavity stability range where pulsed operation is usually self-starting. When mode locked, the laser operates unidirectionally in a random direction. We restart mode locking until operation in the direc- Fig. 1(b) ]. The power per mode is more than 300 W within the FWHM. At 2% output coupling 69 fs pulses are obtained with a corresponding spectral bandwidth of 10 nm centered at 788 nm. In this case, the power per mode is as large as 2.4 mW at the spectral peak. Thus, there are more than 500 modes with a precise 10 GHz spacing and Ͼ1 mW of power per mode. With both values of output coupling the pulses are close to the transform limit.
Additional spectral broadening is achieved in nonlinear microstructured fiber that has a 1.5 m core and zero dispersion wavelength near 590 nm, which was a good match for low-power Ti:sapphire sources [20] . With the 1% output coupling, approximately 220 mW is coupled into the microstructured fiber, corresponding to a pulse energy and peak power of 22 pJ and 550 W, respectively. While this is insufficient for the generation of an octave-spanning spectrum that would enable self-referencing, significant broadening of the spectrum still occurs [ Fig. 1(b) ], and powers at or greater than 1 nW per mode exist over nearly 250 nm. Such power levels are sufficient for use in heterodyne measurements with cw lasers as well for the calibration of astronomical spectrographs [12] . A small amount of green light near 540 nm is also visible in the spectrum of Fig. 1(b) .
The output pulse train is detected by focusing ϳ10 mW of optical power onto a 25 GHz bandwidth photodetector; Fig. 2 shows the resulting microwave spectrum of the photocurrent. A clean spectrum shows only the 10 GHz repetition rate and the second harmonic above the noise floor of the spectrum analyzer. No evidence of Q switching is observed. With a GaAs photodetector an electrical power as high as −6 dBm at 10 GHz is obtained for an average current of ϳ4 mA. Such high power levels obtained via photodetection of mode-locked optical pulse trains are of value for the generation of low-noise microwave signals relative to optical references [10, 11] .
The individual FLFC elements are resolved with a spectrometer consisting of a 2400 lines/ mm grating and a lens with a 77 cm focal length that images the modes onto a CCD. The laser beam diameter is first expanded to 1.5 cm and the angle of incidence on the grating is approximately 63°. Figures 3(a)-3(d) are four false-color images of a few of the resolved modes near the rubidium D 2 line at 780 nm. The power in each mode that passes through a pinhole of 100 m diameter is 170 W, corresponding to an efficiency greater than 34% for the spectrometer. With optimized grating and optics, one could anticipate resolving the individual modes with an efficiency greater than 90%.
The repetition rate of the laser was locked to a stable microwave reference at 10.2288973 GHz and incremented over 234 kHz in the steps given in Figs.  3(a)-3(d) . Figure 3 (e) shows line scans through three of the CCD images, illustrating the measured ϳ6 GHz resolution of the spectrometer, which is limited by the choice of lens and number of grating lines illuminated. In Figs. 3(b) and 3(d) the repetition rate of the laser is adjusted such that one mode is absorbed by an isotopically pure vapor of 87 Rb contained in a cell 5 cm long that is heated to 55°C. The two absorption features arise from transitions between the two resolved hyperfine levels (separated by ϳ6.8 GHz) of the 5 2 S 1/2 ground state and the unresolved hyperfine levels of the 5 2 P 3/2 excited state [21] . By tuning the comb mode between the two absorption peaks, we determine this mode index to be 37,563 The black curves show laser output spectra at 1% and 2% output coupling on a linear scale. The gray curve shows the spectrum after broadening in nonlinear fiber on a logarithmic scale. Fig. 2 . RF spectrum of photocurrent obtained by detecting the pulse train with a 25 GHz photoreceiver. The resolution bandwidth (RBW) was 100 kHz. Inset, repetition rate signal acquired with a 5 MHz span and 3 kHz RBW. In both spectra the noise floor is that of the spectrum analyzer. and the carrier envelope offset frequency is ϳ0.14 GHz. In this straightforward spectroscopy, the uncertainty in tuning the mode to the maximum absorption is estimated to be ϳ50 MHz, or roughly 1 / 10 of the Doppler-broadened width. Based on the known optical frequency of the D 2 transition and the locked value of the repetition rate, the frequencies of all of the modes of the comb can be determined with the same uncertainty. This spatially resolved comb is an array of ϳ1000 cw modes with atomically referenced frequencies and powers at the 100 W level. The presently achieved frequency precision of 1 ϫ 10 −7 could already be useful for some applications. However, the power in an individual mode is sufficient to perform saturated absorption spectroscopy of the same rubidium transitions, which could provide an improvement in precision of 3 orders of magnitude [21] .
In conclusion, the 10 GHz repetition rate reported here is a significant advance in the Ti:sapphire wavelength regime, because a simple grating-based spectrometer is sufficient to separate the individual modes for applications in waveform generation, direct frequency comb spectroscopy, and the calibration of astronomical spectrographs. The Ti:sapphire wavelength and 10 GHz mode spacing have good overlap with useful atomic systems (e.g., Rb and Cs), which can provide an atomically referenced and spectrally resolved FLFC with precision at the 10 −10 level. Higher repetition rates appear possible because the nonlinear phase-shift in the cavity is still about a factor of 2 above that of similar systems demonstrated earlier [2] .
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